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Symmetries and independent components of Coulomb integrals
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Institut de Minéralogie, de Physique des Matériaux et de Cosmochimie,

4 place Jussieu, F-75005 Paris, France
(Dated: March 25, 2023)

The Coulomb integrals, i.e. the matrix elements of the Coulomb potential between one-electron
orbitals, are basic objects of electronic structure calculations. In this paper Coulomb integrals are
analyzed in terms of the symmetry of the crystal or molecule. We consider the case where the
one-electron orbitals form the basis of a real, complex or pseudo-complex irreducible representation.
We take into account both the symmetry group of the site and the permutation symmetries of
Coulomb integrals. We provide explicit formulas to calculate all Coulomb integrals in terms of the
minimum number of independent invariant integrals, that we enumerate. We give explicit formulas
relating the Coulomb integrals of a symmetry group to the ones of a subgroup, taking the example
of spherically symmetric orbitals. The group-theory techniques that we use include Clebsch-Gordan
coefficients, co-representations of magnetic groups, recoupling formulas and the Racah factorization
theorem.

PACS numbers:

I. INTRODUCTION

The problem of the number of independent components of Coulomb matrix elements is important from several
points of view. In the analysis of spectroscopic data, this number is the number of parameters to fit, in electronic
structure calculation it is the minimal number of time-consuming double integrals to calculate. This problem was
famously investigated by Tanabe, Sugano and Kamimura! for d-shell electrons in octahedral O, symmetry and more
recently extended by Biinemann and Gebhard for d- and f-shell in Oy, O, Ty, Th, Dgn and Dy, symmetries?.

We extend their work in several directions. We deal with any orbital and any group, we consider all types of
irreducible representations whereas previous works dealt only with real representations (i.e. wavefunctions) and we
give explicit expressions for the independent components and for the relation between arbitrary Coulomb integrals
and the independent ones. Moreover, we describe Coulomb integrals of a subgroup in terms of those of a larger group.

This is the first of a series of papers investigating the behavior of Coulomb matrix elements as a function of
symmetry, covalence and electronic relaxation. This more theoretical paper will be followed by the discussion of cubic
materials (e.g. NiO) and then to materials with lower symmetries.

We now give the outline of this paper. It starts with a discussion of the various symmetries of Coulomb integrals
for complex and real one-electron orbitals. In particular, we consider the case when the one-electron orbitals are
bases of irreducible representations of a group G. Then, we use the Clebsch-Gordan coefficients of G to define linear
combinations of Coulomb integrals (called G-invariants) that are invariant under the action of the operations of G
and we show that all Coulomb integrals can be written in terms of these G-invariants. The next section describes the
way to take permutation symmetries into account. This further reduces the number of independent integrals, which
are now (permutation)-symmetrized G-invariants. We give an explicit formula for the calculation of any Coulomb
integral in terms of these symmetrized G-invariants and we show, conversely, that symmetrized G-invariants can be
calculated from the same number of well-chosen Coulomb integrals. For the example of d orbitals in cubic symmetries,
625 Coulomb integrals can be obtained from the computation of only ten of them. Finally we deal with the problem
of symmetry breaking by considering G as a subgroup of the infinite group O(3) of rotations and inversion of three-
dimensional space. We express G-invariants in terms of O(3)-invariants (i.e. Slater integrals), which can be used to
quantify the deviation of the system from spherical symmetry. We close the paper with some concluding remarks and
possible extensions of our work.

II. INVARIANCE OF COULOMB INTEGRALS

In this section, we first show that Coulomb integrals are invariant under the action of isometries and we discuss
what happens when the one-electron orbitals are bases of irreducible representations. Then, we study the invariance
of Coulomb integrals under permutations of one-electron orbitals.



A. Change of variable

Let us define a Coulomb integral by

Unsed = {gaslVlpupa) = [ dudy P2ANEE) (1)

where a4, @b, @ and @g are one-electron orbitals. We carry out the change of variable x = px’, y = py’, where p is
an isometry. We recall that any isometry can be written px = Rx + t, where R is a rotation or a rotation multiplied
by an inversion, and t is a translation. Since an isometry conserves volumes we have dx = dx’, dy = dy’. Moreover

|x —y| = |x’ — y’| because the distance between two points is invariant under isometry. We obtain
ea(px") ey (py")pe(px) pa(py’)
Usbea = /dx/dy, < : |X' _ ;/l ' (2)

B. Invariance under point symmetry operations

We assume now that the system is invariant under the operations R of a point symmetry group G. This means
that, if ¢, is an orbital of the system, then the transformation of ¢, by a symmetry operation R of G is again an
orbital of the system with the same energy.

In a more abstract way, the action of a group G on a set X is an operation that associates to each pair (g, x) with g in
G and z in X, an element of X denoted by g>x. Moreover, this operation satisfies 1>z = z and g(>(¢9'>z)) = (g9-¢9')>a.

For example if X = R? and @G is a point symmetry group defined by matrices R, then R>x = Rx. In molecular or
solid-state physics we deal with a set X of orbitals ,. Then (R>p,)(x) = ¢, (R 1x) (the variable x is replaced by
R™'x in ¢,). Indeed

(RD (S> @a))(x) = (R» ‘Pa)(s_lx) = Spa(s_lR_lx) = goa((RS)_lx) = ((RS) > ‘Pa) (X)
In that sense, Eq. (2) can be written
P_l [>Uabcd = Uabcd' (3)

In fact, Eq. (2) says that Coulomb integrals (¢,pp|V|pepaq) are invariant under the action of any isometry, but we
restrict it here to the case of elements of G. This is because we can then describe the action of R on ¢, by a matrix
representation. In other words, we consider that there exist matrices I'(R) such that T'(R)I'(S) = I'(RS) for any R
and S in G and

Rooa = Y Th(R)gs, (4)
b

where the order of the indices of T is required® (p. 65) to get

Rp> (S > Sﬁa) = Zrba(s)(RI> ‘Pb) = Zrba(S)Fcb(R)Wc = Z(F(R)F(S))crﬂpc = Z(F(RS))MLS@C
b be

(& c

= (RS) D pq.

We are particulary interested in irreducible representations. There are three types of irreducible representations (in
the sense of Frobenius-Schur?): (a) real irreps, for which we can find real representation matrices I'(R); (b) complex,
for which T'(R)* does not represent the same irrep as I'(R) (e.g. ¢’*™ for the translation group); and (c) pseudo-real
(quaternionic) for which T'(R)* represents the same irrep as I'(R) but the representation matrices cannot all be real.
If the wavefunctions are real, then the matrix representation is real. Indeed

(R > @a)(x) = @a(Rilx) = Z Fba(R)QOb(X)'
b
Therefore

Tua(R) = [ dxopx)ga(R1x) = [ dxpi(Rx)ga (), )



is real if p, and ¢} are real. However, even when the representation is real in the sense of Frobenius-Schur, its matrix
representation can contain non-real complex numbers. For example, F, is a real irreducible representation of Oy,
but its matrix representation contains non-real numbers in Altmann and Herzig’s tables®. For the groups Oy, O, Ty,
Dgp, and Dy, investigated by Biinemann and Gebhard?, all irreducible representations are real. For the last group
Ty, studied in that article, there are four complex one-dimensional representations (1Eg, 2Eg, 'E,,%E,). They can be
grouped into pairs to become real two-dimensional (but no longer irreducible).

Let o, B, v and 0 be irreducible representations of G. For each of these representations, for instance «, let qﬁff‘)
with a = 1,...,dim « be a basis of this representation. Define

UGS = el VIee().
Then, Eq. (4) yields
T SR )
a'beld!
Thus, the invariance relation Eq. (2) implies
ReUGEY = 37 AR T (R TO RS (RUS L = U, (6)
a'bed

for every R € G.

C. Invariance under some permutations

We describe now additional symmetries of the Coulomb integrals, which are different when the orbitals are complex
and real. Let us start by complex orbitals.

1. Complex orbitals

If we interchange x’ and y’ in the definition (1) of Uupeq we obtain Upeq = Upade, and if we take the complex
conjugate we obtain U}, ., = Ucdab. As a consequence,

Usbed = Upade = Uc*dab = U;cba' (7)

This means that the Coulomb integrals are invariant under the action of a group G, of 4 permutations G, =
{01,02,03,04} defined

o1(abed) = (abed), o2(abed) = (bade), o3(abed) = (cdab), o4(abed) = (dcba),
with actions

o1 b Uabcd = Uabcd7 o2 > Uabcd = Ubadca o3> Uabcd = U*dalw 04 > Uabcd = U;cba'

C

Because of the presence of a complex conjugation in the action of G,, we do not have a representation but a
corepresentation, as defined by Wigner® and G, is a magnetic group, and more precisely the Shubnikov group of
the I1Ird kind m/m2’.

2.  Real orbitals

For real orbitals ¢;, we have also Ujags = Usa14 = Upaze and the symmetries are?

Uabcd = Ubadc = Vcedab = Udcba = Ucbad = Udabc = Uadcb = chda- (8)

These symmetries form a group G, of order 8, which is a subgroup of the group &4 of permutation of 4 elements. It
can be seen that G, is equivalent to the symmetry group Dy of the square. Indeed, if we denote by a, b, ¢, d the four
consecutive corners of a square, the group operations of Dy give us then Cy +— (dabc), C3 +— (cdab), C3 + (beda),
Chy — (dcba), Chy — (badce), CY, — (adcb), CYy — (cbad).

When orbitals are real, we can use the more advanced framework of the theory of group representations (instead
of corepresentations).



III. GROUP INVARIANTS

In this section we deal only with the invariance of the Coulomb integrals under the action of the point symmetry
group G. For notational convenience, we make hypothesis (H): the product of two irreducible representations of G is
a sum of irreducible representations of G where no representation appears twice. By definition, all simply-reducible
groups”® satisfy (H) but simple reducibility additionaly requires additional properties. Group O(3) is simply-reducible
as well as all point groups except for?: Cs, Cy, Cs, Capn, Can, Con, S, Ss, T and T},. We see in point group tables®
that they all satisfy (H), except for T and T}. In group T, the only breaking of (H) comes in the square of irrep T,
which contains irrep 7" twice. Similarly, in group 1}, irrep Ty is contained twice in the square of irrep T,. However,
these two copies of T' (resp. Tj) are uniquely defined because one belongs to the symmetric product and the other
to the antisymmetric product of T' (resp. Ty). In that sense, all point groups satisfy (H). In any case, the present
treatment can be extended to groups which do not satisfy condition (H) by following methods wich are now standard
in the literature'® 16, but the resulting cluttering of indices becomes confusing.

In this section we define so-called G-invariants, which are objects enjoying an invariance under basis change and
under the action of any element of G. Then, we show that all Coulomb matrix elements can be written in terms of
these G-invariants.

A. Clebsch-Gordan coefficients

For any finite (or compact) group G, the tensor (or direct or Kronecker?) product of two irreducible representations
can be written as a sum of representations. The Clebsch-Gordan coefficients describe the coefficients of this sum.
More precisely, we define Clebsch-Gordan coefficients (aafb|¢f) as any set of complex numbers solving the equation®

(p. 85)

TR (R) = 3 (ad 8V |6 f T HR) (aabbléf)". 9)
dff’

A possible solution of this equation is given by Dirl’s formula'”

(8) (m)
(aaBblne) \/dl?;” ol By ()R (10)
| @R @ (RTY) (R) (D, (R))”

bobo

where, |G| is the number of elements of G and, for each triple («, 3,7), three components (ag, bg, €g) are chosen so
that >, F&ﬁLO(R)F,ﬁfZO(R)FEZLO( ) # 0. Such components exist if 7 is in the tensor product of a and 3 (see also'®
(p. 105)).

This definition of Clebsch-Gordan coefficients as any solution of Eq. (9) is inspired by Derome and Sharp3”. Note
that this definition does not fully specify Clebsch-Gordan coefficients, since multiplying them by a phase depending
on «, f and + transforms a solution into another one. Other approaches use careful choices of these phases to
maximize the symmetry of Clebsch-Gordan coefficients!'?14716:19-21 = However, these phases depend on each group
and the Clebsch-Gordan coefficients given by Dirl’s formula (10) generally do not satisfy these symmetries. Another
advantage of the work by Derome and Sharp is that they give the recoupling formula that we need in this paper,
whereas it is not present in'* or?’. A third advantage is more technical but turns out to be crucial®.

These Clebsch-Gordan coefficients are a generalization of the ones used in angular momentum theory. They satisfy
similar orthogonality relations® (p. 84):

Z(aaﬁbhe)*(aaﬂb\qﬁf} = Opeplef, (11)
ab
Z(aaﬁbme)*(aa’ﬁb’\ne) = Gaa'Obp - (12)
ne

This means that the Clebsch-Gordan coefficients of the groups considered in this paper can be considered as matrix
elements of a unitary matrix.



B. Coulomb G-invariants
As a first step of the symmetry analysis of Coulomb matrix elements U (Eztfjé) for given irreps «, 3, v and J, we
define the corresponding G-invariants as

Jlefrem  — dlirlnn Z Ué?éw)(aaﬁbme)*(vcédme), (13)
abede
where 7 belongs to the irrep expansion of both a« ® 5 and v ® §. Note that, because of the basis transformation
rules for Ué?fﬁ) and Clebsch-Gordan coefficients, 1(®#7%7) ig basis-independent. This means that G-invariants can
be compared even if the representation matrices of irreps are different. However, if (v, ) # (o, 8) they can differ from
one another by a phase due to the phase ambiguity of Clebsch-Gordan coefficients.

We can interpret Eq. (13) in terms of matrix elements. Indeed

afBvyo )
ULs® = (@ PV ipMed).

Therefore,

1

- Z«@(a) ® 90(5))5317) |V\(ga(”) ® s0(<5))gn)>7

JlaByém) —
dimn

€

where Clebsch-Gordan coefficients are used to couple irreps:

« « §
(@ @M = 3 (aafblne)pl® @ o, (¢ © gD =3 (yesdlne)pt @ ¢,
ab cd

We now state two important results. The first is the fact that, for any value of the complex numbers U é;“fj&) (where

a=1,...,dima,b=1,...,dimB, c=1,...,dim~v, d = 1,...,dim¢), which transform under the operation of G as
the product of irreps o ® f ® v ® 6,

1 «@
Ro 10900 = o 37 T (R (R ee(RITa( RV (0aBblne) (veddjne) = 10775,
un abeda’b’c’d’e
In other words, I(®#7%1) ig invariant under the action of G even if the coefficients U 5?&75) are not (we just assumed

that they transform as products of irreps).
The second result is a consequence of Schur’s lemma: if U, é?g]‘s) is invariant under the action of G (i.e. satisfies

Eq. (6)), then the matrix U (gfyé) is diagonalized by the Clebsch-Gordan coefficients and its eigenvalues are I(@#75:1).

a

> (0apblof) UG (veddlne) = bpnbep 5100 (14)
abed
As a consequence, any U é?fd”é) can be written explicitly in terms of G-invariants:
a6 * 7
U™ = > (aaBblne)(yesdjne) 10770, (15)
ne

This shows that, if 7 runs over the irreps common to a® 3 and v ®d, then the set of I(*57%7) forms a complete family

of G-invariants generating U égf;é). As a consequence, their number can be obtained by the character formula

O = SN (R (RN (R (R, (16)
R

where, for each irrep 7, x"(R) = Tr(I'™(R)).
However, this number does not take into account the permutation symmetries described in section IIC. These
symmetries considerably decrease the number of invariants and are discussed in the next section.

IV. PERMUTATION INVARIANTS

In this section, we consider the effect of permutation symmetries described in Eq. (8) for real representations and
in Eq. (7) for non-real representations.



A. Real representations

In this section we assume that all irreps are real and that they are represented by real matrices. Up to now, the

coefficients U éggyé) were not supposed to have any permutation symmetry. To impose the Dy permutation symmetry
of real Coulomb integrals, we project each coefficient on the fully symmetric irrep of D4. This is done by replacing

each U élgéfjé) by its symmetrization

(aByd)y _ o’aﬁ'yé
<Uabcd > - |D4| Z o(abed)

o€Dy
_ (ap 5) (Bad ) ( Mﬁ) ( 5a5) (daB) (advB) (Bydcr)
- g(Uabcd’Y Ubadc K chab Uc;/ad Udabc ” +U, dcl? chd’};z ) (17)

We obtain the symmetrized G-invariant

(I@Bromy = 8d1m77< Z UGZf]é (aaBblne) (ycdd|ne) + Z Ubfgfﬂ (caBblne)(ycdd|ne)

abede

+ Z Uc(gj?ﬁ) (aaBblne)(yedd|ne) +

abcede
Z Udi;fa (aafb|ne)(yedd|ne)

abede abede
ad (ba
+ Z Uc(gfd ) (aaBb|ne)(ycdd|ne) + Z Udabfw (cwaBblne) (yedd|ne)
abcde abede
+ Z Uégf;’ﬁ) (aaBb|ne)(yedd|ne) + Z Ubf(]ja aa,@b|ne)(705d|ne)> (18)
abede abcde

where we used the fact that, when irreps are real, the corresponding Clebsch-Gordan coefficients can be chosen real.
The purpose of the next two sections is to write the symmetrized G-invariants (I (0‘5”5’”)) in terms of the unsymmetrized
ones. More precisely, we project the G-invariants onto the symmetrized ones.

B. The first four terms

The purpose of this section is to write the symmetrized G-invariants (I (aﬂv‘s’”» in terms of the unsymmetrized
ones. Two terms in the right hand side of Eq. (18) are obvious:

S U8 (aaBblne) (esdine) = TV dimn,

abcde
Z Uc(gjfﬁ)(aaﬁb|ne)(’yc§d|ne) = Z UCJS?’B (vedd|ne) (aafblne) = 1008 dim ).
abcde abcde

To deal with two other terms, we notice that, as a consequence of Schur’s lemma, the Clebsch-Gordan coefficients
(cwafblne) and (Bbaalne) differ by at most a phase depending on «, 8 and 7 (but not on a, b and e). We denote this
phase by {a,7}%° (p. 231),** (p. 57) and, for real Clebsch-Gordan coefficients {a3,n} = 41 In other words,

(aafblne) = {ap,n}(Bbaalne).

This enables us to write

S UL (aaBblne) (vesdlne) = {ap,n}{rd,n} Y. UL (Bbaalne)(ddyclne) = {aB, n} {70, 7}1P7D dimy,
abcde abcde

S USED (Bbaalne) (ddyelne) = {a,n}{rd,m} Y. UL (ddyelne)(Bbaalne) = {aB, n}{76,7} 107D dimy.
abede abede

C. The last four terms

The last four terms are more tricky. Indeed, the Clebsch-Gordan coefficients do not couple the first and the second
irreps, and then the third and fourth irreps, they couple for instance the first and the fourth irreps, as well as the
second and the third. As a consequence, we need to use the recoupling formula proposed by Derome and Sharp, which
is valid for general Clebsch-Gordan coefficients.



1. Recoupling of irreps

Derome and Sharp give a recoupling formula for general Clebsch-Gordan coefficients (Theorem 3 of '© which, for
real representation matrices (and multiplicity-free point groups), takes the form

> "(aapblne)(veddne) = dlng 17 {“ g Z;} (veBb|of)(aadd|bf), (19)

e

where the 6j-symbols are defined by>?

{aﬁn} B (_1)a+6+77+7+5+¢

54 Tmrdimg 2 (eddine)(veBblos) (aaddlgs)(aaBbine). (20)

abede f

In Egs. (19) and (20), the symbols (—1)%, (—1)?, etc... are defined as follows. Following Derome and Sharp we first
define 1j-symbols by («)aq = (@a00|aa’), where 0 is the fully-symmetric irrep. By Schur’s lemma, it can be shown that
() gar = £daqr and we denote the sign + by (—1)*. In particular, if Clebsch-Gordan coefficients are calculated from
Dirl’s formula Eq. (10), then (—1)® = 1 for every irrep a.. We also use the obvious notation (—1)¢*7 = (—=1)%(—1)".

In the literature, other 65 symbols were defined which enjoy nice symmetry properties'4?0. However, these symme-
tries require to adjust the phases of the Clebsch-Gordan coefficients. We follow again Derome’s approach and work
with general Clebsch-Gordan coefficients!®11:22,

2. Recoupling the last four terms

We are now ready to apply the remaining permutations of Dy to (8797 For example

1 o
(13) > T(@B78m) = T S USE (aaBblne) (vedd]ne)
abcede
= S {270 S UG taion aasdof) = (-1 dimo {1 rsese),
o abcdf [

By treating the last three times in the same way, we obtain the Dy symmetrization of I(®#7%1) to be

—_

(1(eBremy = ,(I(aﬂvém) + 10998 4 103 ni{~6,n} (I(Baévm) + ](Mﬁa,n)))

= Co

oo

+ = Z(*l)nﬂ) dim ¢ {: g ‘g} ([(aéwﬁ,@ + 108209 o f05, pM By, ¢} (I(éaﬁv«b) + ](Bvéa@)))_ (21)
¢

8. Enumeration of symmetrized G-invariants

As noticed in 2, the number of symmetrized G-invariants can be obtained from the character of the action of G x Dy
on UBPBx®) with elements (R, p), which is

s
X°(R.p) = Z O(aBv8),p(vd) Z Fa a b’b )F(”)(R)PS/Z(R)

b e dY=p—1 ’
(afrd)es hod (a’b’c’d")=p—1(abcd)

where S is a set of quadruples («, 3,7, ) of irreps linked by Dy, and (a8vd) an element in this set. The number of
symmetrized G-invariants (i.e. invariant under G x Dy) is

1
n® = — XSR,p. 22
5G] () (22

We give a formula for x° (R, p) in terms of the characters of G for every possible set S.



e 51 ={(o,,a,a)}. Then

DX (Rp) = x*(R)* +3x*(R)? + 2x*(R*)x(R)” + 2x*(RY). (23)
.52:{(a3 9 76) ( )} Wlthﬁ#a
Zx52(R,p) = 2(x*(R)> + x*(R*)) (X" (R)> + X" (R?)). (24)

L4 SS :{(a’a7ﬂ7/8)7(Q’B’IB7Q)7(/B7B7Q’&))(/67a7a7ﬁ)} Withﬂ#a'

D xF(Rp) = (RN (R)” + 4 (R*)X"(R?). (25)

® D4 = {(a7/6aaa7)7 (OQ’Yaa,B)? (ﬁaa777a>7 (,770456704)} where B 7é a and ﬂ 7& Y (bUt Y=o is allowed).

D> XF(Rp) = 4" (R)” + x*(R*)X’ (R)X(R). (26)
e All the other cases
D X (R,p) = 8x*(R)X’(R)X"(R)X’(R). (27)

4. Projection

Notice that the symmetrization described by Eq. (17) is a projection onto the fully symmetric irrep of Dy. The
matrix M transforming unsymmetrized G-invariants into symmetrized ones, which is defined by Eq. (21), is sumarized
by the equation

1@y = Z Mgy.qol @9, (28)
QeS¢

where S is one of the sets described in section IVC3, @ and @' run over the sets (ajasazays) of S. Since the
symmetrization is defined as a projection, the matrix M is a projection matrix (i.e. M? = M), which is generally
not orthogonal (i.e. MT # M). The symmetrized G-invariants can also be called G' x Dy-invariants because they are
invariant under both G and Djy.

5. Minimizing Coulomb integral calculations

The previous sections enabled us to show that all Coulomb integrals can be expressed in terms of a small number
of symmetrized G-invariants. This is very handy because a large number of Coulomb integrals can be summarized
by a small number of these invariants. However, this does not seem to be very useful from the computational point
of view because the symmetrized G-invariants themselves are defined in terms of Coulomb integrals. In this section
we show that it is enough to calculate as many (well chosen) Coulomb integrals ues bcd as symmetrized G-invariants
to determine all Coulomb integrals.

To be more precise, we first showed that all Coulomb integrals U abéf can be expressed in terms of a smaller number
of G-invariants. This is Eq. (15) that we rewrite

) § a
U = ZA:fcz,nI Bb), (29)

where Agbﬂgfn is an n x m matrix, with n = dim o dim 8 dim vy dim § and m = n(*#79) is given by Eq. (16).

Moreover, for real matrix representations, Dy-permutation symmetry enables us to replace G-invariants I(#70m)
by symmetrized G-invariants (I(®#7%m) However, symmetrization mixes different quadruples (a3vd) belonging to



the same set S defined in section IV D 2. Therefore, we group all A® B0 for Q = (afBvd) in the same S into a larger

abed,n
matrix A% such that

abed,n

abcd Z Aabcd N (30)

where U%_, spans all US%7) for (a8y6) in S and the same holds for (2. The dimension of A%

where |S| is the number of elements of S.
We are now ready to use the Dy-permutation symmetry of real integrals and replace in Eq. (30) I(@™ by (1(@m),
where

abed,y 1S |S|n x m,

@m)y — QQ' [(Q".9)
(romy = 3" M2 1),

We showed that M is a projection matrix (i.e. M? = M). However, since we want to conserve the distance between

Coulomb integrals (as explained shortly in Eq (32)), we need to use another matrix N%Q Vdimn M, QQ (1/4/dim ¢),
which is also a projection matrix. Any projection matrix is diagonalizable, and we denote the elgenvalues of N by
Ag = 0 or 1 and its eigenvectors by v?, where ¢ = (Q, ¢). Since N T 4 N, it is generally not possible to orthonormalize
all its eigenvectors. However, we can define a set of orthonormal eigenvectors v for eigenvalue A\; = 1 and a set of
orthonormal eigenvectors v? for eigenvalue A\, = 0 (but eigenvectors of the first set are generally not orthogonal to
eigenvectors of the second set). We assume that we have chosen such sets of eigenvectors.

Let B be the matrix with matrix elements Bpy = v{, the pth component of v?. We have Ny, = > BpgAq(B~ Dor-

If we define u®? =37, (B™")q@s,q/pv/dim pI(@"P) we obtain

(I@mM) = (1/4/dimn) Y NZ\/dimpI @) = (1/y/dimn) Y Bgpoeu? . (31)

Q'p Q' b Agr =1

Indeed, the eigenvalues of a projection matrix are 1 and 0. If Ags 4 = 0 the corresponding u@"? does not contribute
and we sum only over @', ¢ such that A\g/ 4 = 1. Therefore, B can now be considered as an |S|m x n® matrix, where
n®, which is the number of eigenvectors of N corresponding to the eigenvalue 1, is given by Eq. (22).

Note that using the eigenvectors of N instead of the eigenvectors of M enables us to conserve the distance between
Coulomb integrals More precisely, if S is a set of quadruples Q = ajasasay of irreps as in section IVC3 and if

L(l?a)wgu and 1'% are two sets of Coulomb integrals, then the following distances are equal

a1a2a3a4
Z Z ’I(SiQa)Q%M _lg?32a3a4 - Z dim77|J(Q’") _J(Q,n)|2 _ Z |uQ,¢ _QQ@}Q. (32)
QeSS ajazazay QeS,n QeS¢

This identity will be useful to determine the global variation of Coulomb integrals as a function of pressure or when
an atomic species is replaced by another one in the structure: the global variation of the Coulomb integrals is equal
to the variation of the symmetrized G-invariants.

By using Egs. (30) and (31), we can now write the Coulomb integrals as

Q _ Q ’,

Uabcd - Z Aabcd,nBQnaQ'¢uQ d)’ (33)

nQ’'¢
where matrix AB has dimension |S|n x n®. Let r be the rank of AB. In general < n° but let us consider the most
common case where r = nS. By a classical theorem of linear algebra, there is a set of r indices a1b1c1dq, .. ., arb.crd,

such that the r x r matrix P with matrix elements
s

P, q = Z Aasbscsds,poq7 (34)

p

has a non-zero determinant (i.e. it is a non-zero minor of AB). As a consequence, P is invertible and we can compute

r

uy, ..., u, from UY aibrerd; fb epq, by ul =3 (P14 U i3 ka1, In other words, the n® quantities u? can be
calculated from n® Coulomb 1ntegral. And since all Coulomb 1ntegrals can be computed from u? by Eq. (33), we can
calculate |S|n Coulomb integrals from the computation of only n° of them. Moreover, since AB depends only on
Clebsch-Gordan coefficients, the choice of the r indices a1bic1dy,...,a-b.c d, can be done once and for all for any
choice of group and irreps.
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D. Non-real representations

The permutation group acting by Uaped; Upbade, Ulyyy, and Uj,,, is isomorphic to the symmetry group of a rectangle
(with vertices denoted anticlockwise by a, b, ¢, d). It is magnetic point group m’'m2’ with unitary operations E and
o, and anti-unitary operations Co, and o, (among the 58 type III Shubnikov crystallographic point groups)?®. This
is the symmetry group of a rectangle the upper half of it is black and the lower half white, where complex conjugation

is represented by reversing black and white.

1. Symmetrization

Although the theory of projection onto irreducible corepresentations is not fully developed, it is clear that
aBvyd) 1 aBvyd) ad S SvBa
<U(§b(‘d’y > = 1 (Ungcd’y Ubfdp ” + (Uftlyab ? ) (Ud(cl?a )) )

is invariant under the operations of m’m2’. Therefore, the symmetrized components for non-real representations are

<I(aﬁ'y‘s’”)> = ( Z Ua?cﬁd75 (cafb|ne)* (yedd|ne) + Z Ubfgc&/ (cwafblne)* (yedd|ne)
abcde abede
+ > WG (@aBblne) (veddlne) + D (U5 (aaBblne)* (veddlne) )
abcde abcde

= Jlebyén) o {aﬁn}{’ydn}l(ﬁo“s'y’") + ([('yéaﬁm))* + {aﬁn}{,ﬂ;n}a(&vﬁam))*.

By similarly calculating (1(8%7m) (1(¥3e8m) “and (I0075*m)) we obtain the following relations between symmetrized
components:

<I(ﬁa5%n)>

{apn} {yom}(1@om),
(10v8eBmy = (plaBydmyx

(IO — {afn} (yen} 1Py

2. Enumeration of symmetrized G-components

The character formula for counting the number of times a given irreducible corepresentations appears is given
by Newmarch??. In our case, we consider the fully symmetric irreducible corepresentation, which is of type (a),
corresponding to an intertwining number I = 1.

A particularity of the character theory of corepresentations is that it takes into account only unitary operations (in
our case the unit permutation (a/7yd) and the permutation (Sad~y)). The character of the representation corresponding
to permutation p is

8
XS(Rvp) = Z 5((1,6’75 ).p(aBvyd) ZF( ) (R) F(’Y)(R)Ffi’()j(R)

’
'be'dY=p—1(abed
(aBvd)esS abed (ab'e’d’)=p™~* (abed)

and the number of symmetrized G-components is
1 /
o = mz ZXS(R,]?),
P R

where Z' runs only over the two permutations corresponding to unitary operations. We have only two cases:

e S={(o,q,B,0)}, where o and § can be equal

1 o %\ 2 2 @ 2\ * 2
ns = 2|G|§Rj((x (R))" %" (R)? + %™ (R?)"x(?)). (35)
e All the other cases
ns = éZxa(R)*XB(R)*X”(R)X‘S(R) (36)
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8. Minimizing Coulomb integral calculations

Exactly as in the case of real representation matrices treated in section IV C5, the Coulomb integrals can be
calculated from a minimum number n° of them.

V. SUBDUCTION

In this section, we consider the point group G as a subgroup of the infinite group O(3). In particular, we want to
express the G-invariants and the symmetrized G-invariants in terms of parameters such as Slater integrals or Racah
parameters.

A. O(3)-invariants for Coulomb potential

The theory presented in the previous section does not apply directly to O(3) because, although irreps ¢ are real (in
the sense of Frobenius-Schur), they are usually representated by Wigner matrices D(R) which can be complex. The
usual basis of spherical harmonics basis Y;™ is also generally not real. This, however, has only a benign effect and we
only indicate the results. We follow the notation used in Cowan’s book?® (p. 162): The Coulomb integrals are

2

0102050

Ulhibatsta) = — <€1m1€2m2|7\63m3€4m4>
ij

= RF(1la, €301)6my—my ms—ma (1) T3/ (201 4 1)(26, + 1)(2€5 + 1) (204 + 1)
k

by k3 (o k by 21 k {3 Uy k 4y
000 000 —mq mi1—ms3 ms —Mg Ma—My4 My )’

where? (p. 162)

00 o] 27,k:
Rk(flfz,@g&;) = / d’l"l / dTngi_flPel (7"1)Pz2 (Tg)PgS (Tl)Pz4 (7’2), (37)
0 0 >

are radial integrals and we assumed real radial wavefunctions. The 3j symbols involving 0,0,0 can only be non zero
if {1 + ¢34+ k and /5 + ¢4 + k are even. Therefore, we can change the signs of m and permute the column in each 3j
symbol without changing its value. As a consequence, ¢1 + f5 + {5 4 £4 is even and (—1)f+fsFlatls — 1

Our O(3)-invariants I(41423%4.0) ere calculated by Cowan (Eq. (10.17) p. 282 of?®)

IR0 (1 © )] ({6 @ L))
J

_ bkl o kL RN
—1) T (20, +1)(200 + 1)(203 + 1)(264 + 1 A I R R e (0105, 050
()= + )20+ 1) (2 +1)( 4+>;(000 k) [0t ) g, ),

2
|

where the first quantity on the right hand side is independent of m, so that it can be written in the familiar form

1
Jat2tsla,t) 72(—1—1 Z (élmlégmg|€m)(€3m3€4m4|€m)U7(,fllfrff%f§2n4-

M1 MmM2MmM3nM4m
In the case where £ = fo = f3 = {4 = 2 we write '¥ = RF(22,22) and we obtain

2 2

1 4
7240 _ g0 fp2 fpd s pU) _po, T2 % opd
TRt t7 21"
@2 _ po_Spe 4 qete_po Spe 1
I F 49F +49F , I F 49F 49F )

4 1
1@ — g0y Z g2y - p4
Tt T
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B. O(3)-invariants for spherically symmetric potential

The expressions of the previous paragraph were obtained by explictly assuming that the interaction potential is the
Coulomb potential. In the following, we only assume that the potential is spherically symmetric (so that the invariants
remain O(3)-invariants) and symmetric under the exchange of particles (so that the D4 permutation symmetry is still
valid.) This enables us to consider more general effective potentials.

As in the case of the general group G, we can build O(3)-invariants. The D4 permutation symmetry can only
be applied if the complex spherical harmonics are transformed into real tesseral harmonics. We can also work with
spherical harmonics, but some additional signs appear. The result of permutation symmetrization (for spherical
harmonics) is:

<[(214223@41)> — é(](flfzfsh,f) + J(tal1bats,l) 4 J(€stalabz t) 4 r(lalstala,t)
!
b o(—1)hth ;(%/ 1) {Zx 2 é} (IEst2tata) | [tatstatssl)) | [(Bilatsta,t)) 4 [<eze3e4e1,e’>)).

In particular, if ¢ = ¢5 = €3 = {4, then

(1o — %Ium N % S+ 1) {gl ﬁl i} )
1+t1
el

The number of symmetrized O(3)-invariants is expressed by formulas similar to the one given for G. For example, if
by =0y = ¥l3 =4 =/, and if the rotations are defined by an axis and an angle w, then the character of the rotation
is xe(w) = sin ((2¢ + 1)w/2) / sin(w/2) and?® (p. 103)

2
no = = sin2(w/2)dw (Xg(w)4 + 3Xg(2w)2 + 2X4(2w)xg(w)2 + 2)@(40.))) =/+1.
0
Similarly
n% = min(f, + 1,05 + 1),
n% = min(26, + 1,205 + 1),
1 1 1
nS4 _ iafﬁéw(o) _ iafﬁfw@ga 4 1) + ibfﬁéw(an)
n% = a£a£5(|£7 - éé‘) —a'ets (Ev + 45 + 1),
where
a’’'(m) = 2min(¢,¢) + 1 for |m| < |¢ — 0|,
=0+l —|m|+1for [0 —0|<|m|<l+ 7,
= 0 for |m| >+,
and

b (m) = 1if €+ is even and |m| > |¢ — ¢,
= —1if £+ /¢ isodd and |m| > £+ ¢,
= 0 otherwise.
For ¢y = {5 = {3 = {4 = 2 we obtain n”' = 3 independent symmetrized O(3)-invariants. Indeed

3 3 1 7 9

1(24,0) _ 71(24,0) _ 71(24,1) 71(24,2) o 71(24,3) 71(24,4)
< ) 5 10 + 2 10 + 10 ’
4 1 4 3 (o4 1 5 3 (o4
<I§2 ,1)> —_ 77[(2 ,0) + 7[(2 1) 71(2 ,2) + 7](2 ,4)7
’ 10 4 4 )

1 4 3 (o4 11 o4 2 ot 9 o4
7242y — L pebo) 2 p@N) 4 2 peh2) 4 272h3) o Y (2t
< ) 10 20 + 28 + 5 + 35 ’

<I(24,3)> _ _%01(24,0) + 51(24,2) + 21(24,3) + %1(2“,4)’

qetaoy = Lt ety Lete L ets T e
5

10 7 20 140
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As previously, we can write this as
4 4 4
<](2 7Z)> — ZMijI(2 A,])’
j=0

where M is a (non-orthogonal) projector (i.e. M? = M) with eigenvalues (1,1,1,0,0).

Note that this result has an important physical consequence. Indeed, Slater integrals were derived under the
assumption that the interaction potential is of Coulomb type. However, the conclusion that there are only 3 sym-
metrized O(3) invariants are derived here for more general potentials. Indeed, we just assumed that the potential
is real, spherically symmetric and invariant under the exchange of x and y, so that the D, symmetry holds. Any
potential of the form V(|x|, |y|, [x —y|) = V(ly|, x|, |x —y|) satisfies these assumptions. As a consequence, we showed
that the electronic interaction described by a large family of relaxed effective potentials can be described by the usual
three Slater integrals F°, F? and F* for d orbitals.

C. Subduction from O(3) to G

In this section, we consider the following problem. Let « be an irrep of G written in terms of spherical harmonics
of an irrep of O(3). For instance, if G is the cubic group Oy, then a = E, and = Ty, can be written in terms of ¥,
with ¢ = 2 (with the same radial parts). Let o come from ¢, 8 from o, 7y from ¢3 and ¢ from ¢4, we would like to
know how to write the G-invariants I(®37%%) in terms of Slater integrals. In the following, we make the dependence
on spherical harmonics explicit by using the notation I(¢1@f28s7adn),

1. Basis tnvartance

We first show that, for any group G (including O(3)), the G-invariants are basis independent. For that purpose,
we define the projections onto an irrep a by

Pl — Z|o¢a><aa|.

According to? (p. 84), there are basis states |aa), |8b) and |ne) such that

(aapblne) = ((aal @ (Bb])Ine), (aapblne)” = (ne[(|aa) ® |Bb)).
We then obtain

1
Tr(Pﬁ(P(Oé) ® POV (PO ®p<a>)),

TleByémn)
dimn

which is basis independent.

2. Isoscalar factors

As a consequence of basis independence, we can replace the basis |[¢m) of O(3) by the basis |[faa), where a runs
over all the irreps of G that can be built from irrep £ of O(3) and a = 1,...,dim«. Obviously, O(3) is here just an
example, and the same construction (called subduction) can be carried out for any group G’ of which G is a subgroup.
Subduction is useful to describe symmetry breaking.

We use the diagonalization formula in terms of subduction:

U{%ﬁbﬁfw&ﬁ) = Z(ﬁlaa&ﬂb\éne)*(€376845d|€ne)l(€1€2£3€4’e).
Ine

00y | 0

, called isoscalar
a B ln

Now the Racah factorization lemmal4 (p. 27) states that there are complex numbers (

factors, such that
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2 astine)

where (aafb|ne) are Clebsch-Gordan coefficients of G. Isoscalar factors are fundamental ingredients of group-subgroup
symmetry caculations!?14:20:27-29 " They satisfy important relations'# (p. 28)

Zelezw bl | O _
—~\a g n)\a 8 |n) = "o
Z bl | 0) (Lt | ) =
—\a B ln)\aBln '

Note that, in the first line, we assume that 7 belongs to the tensor product of o and 8 and, in the second line, that n
can be obtained from ¢ by subduction. Isoscalar factors are usually calculated from Clebsch-Gordan coefficients, but

their squares can be calculated from characters?3:30.
We can now write the Coulomb integrals in terms of isoscalar factors:

(oo flsvesd) RANANEYANAN # 7(£1020304,0)
Uspea = Z (a B1n)\ydln (aaBblne)(ycod|ne)* I )

(Lraaly Bbllne) = (

Ine

Therefore, the G-invariants can be expressed explicitly in terms of the O(3)-invariants by a single sum

1 )
JhetPintion — e 37 Uy 27 (aapblne)” (reddlne)
abcde

= Z (fl ls | 4) <€3 ly | €)*I(51424354,£)’ (38)
~\a B ln)\vdln

where the sum runs over all £ such that |¢; — l3| < £ < ¢4 + {2 and irrep 5 of G can be built from spherical harmonics
Y. More precisely, since £ is a representation of O(3) and G is a subgroup of O(3), we can define a representation of
G by the matrice (—1)9D?¢ ., (R,) where R, is the rotation corresponding to g € G and (—1)¢ is the sign corresponding
to the transformation under inversion, if some element of G are not pure rotations. This representation is called the
subduced representation of G from ¢. This subduced representation is generally not an irreducible representation of
G but it can be written as a sum of irreps of GG, and 1 has to be one of these irreps.

To summarize the result of this section, I(f1¢28¢7¢19:m) j5 the G-invariant obtained by assuming that the system has
a symmetry group O(3) larger than G. It can be used to determine how far the local symmetry G is from a spherical
symmetry O(3). Indeed, the number of independent parameters corresponding to spherical symmetry, n°(O(3)), is
smaller than the number of independent parameters n”(G) corresponding to G. The O(3)-invariants I(¢1¢2¢¢4.0) (and
their symmetrized version) can be used as parameters to fit the G-invariants 1(®#7%7) (and their symmetrized version).
A fit with a small mean square error would mean that the Coulomb integrals are not far from spherically symmetric.
A large error would mean that the G-irrep orbitals are strongly distorted from the spherical ones.

VI. CONCLUSION

Starting from the simple and familiar problem of calculating Coulomb integrals in the most economic way, we
were led to use surprisingly sophisticated tools of group theory, such as Clebsch-Gordan coefficients, 6j-symbols,
corepresentation theory and the Racah factorization theorem, and we had to recall the remarkable work by Derome
and Sharp, which was unjustly forgotten. However, it was worth the effort because these tools enabled us to provide
a completely general and explicit answer to the problem. We gave general formula instead of tables because tables
would depend on the exact basis used for each irrep and on the phase choice of Clebsch-Gordan coefficients.

It would be tempting to extend the present treatment of real representation matrices to complex ones, for example by
using their real and imaginary parts. We could even deal with pseudo-real irreps by using the fact that a representation
and its complex conjugate of the representation are related by a similarity transformation. However, this would be
a non-trivial extension of the present work, because the resulting real representations would not be irreducible and
many of our proofs made a crucial use of Schur’s lemma, which holds only for irreducible representations.

Another fruitful extension would be to deal with magnetic groups and their corepresentations, which are used
to describe the transport and response properties of magnetic and multiferroic materials®' 3%, Although we dealt
with corepresentations in the present work, the theory of corepresentations is not as developed as the theory of
representations, and this extension would also be non-trivial.
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To be explicit, Derome’s 1j-symbols («)4, are different from Butler’s 2jm-symbols (f‘lz,*) because 1j-symbols are either

symmetric or antisymmetric whereas 2jm-symbols can be chosen to be diagonal. Moreover, for real and complex represen-

tations, 1j-symbols are multiple of the identity, whereas this is not the case of 2jm-symbols. As a consequence, Derome and

Sharp’s 6j-symbols are better suited to our approach.

Note that the formulas given in'® generalize the work by Sharp for quasi-ambivalent and multiplicity-free groups®®. All

crystallographic point groups are quasi-ambivalent® (p. 55).

38

39



